The E. coli infection altered (P < 0.05) the expression of 240 genes in pigs fed the CON (148 up-and 92 downregulated). Compared with the infected CON, feeding CAP, GAR, or TUR altered (P < 0.05) the expression of 52 genes (18 up, 34 down), 117 genes (34 up-and 83 down-regulated), or 84 genes (16 up-and 68 downregulated), respectively, often counteracting the effects of E. coli. The E. coli infection up-regulated (P < 0.05) the expression of genes related to the activation of immune response and complement and coagulation cascades, but down-regulated (P < 0.05) the expression of genes involved in protein synthesis and accumulation. Compared with the CON, feeding CAP and GAR increased (P < 0.05) the expression of genes related to integrity of membranes in infected pigs, indicating enhanced gut mucosa health. Moreover, feeding all 3 plant extracts reduced (P < 0.05) the expression of genes associated with antigen presentation or other biological processes of immune responses, indicating they attenuated overstimulation of immune responses caused by E. coli. These findings may explain why diarrhea was reduced and clinical immune responses were ameliorated in infected pigs fed plant extracts. In conclusion, plant extracts altered the expression of genes in ileal mucosa of E. coli-infected pigs, perhaps leading to the reduction in diarrhea reported previously.
INTRODUCTION
Escherichia coli postweaning diarrhea is one of the major causes of mortality in weaned pigs (NAHMS, USDA, 2008) . The E. coli infection affects not only gut physiology but also immune responses of pigs. The toxins secreted by E. coli can stimulate the small intestine to increase water and electrolyte secretion and decrease fluid absorption, resulting in hypersecretory diarrhea (Gyles, 1993; Nataro and Kaper, 1998) . In addition, lipopolysaccharide (LPS), the major component of the outer membrane of E. coli, can activate the innate immune system of pigs, triggering increased production of proinflammatory cytokines from antigen-presenting cells (Webel et al., 1997; Wright et al., 2000) .
Feeding low levels of capsicum oleoresin (CAP), garlic botanical (GAR), or turmeric oleoresin (TUR) reduced diarrhea and mitigated disruption of intestinal morphology of weaned pigs caused by E. coli infection. Feeding these plants extracts also reduced serum TNF-α and haptoglobin concentrations and the number of white blood cells and lymphocytes in E. coli-infected pigs (Liu et al., 2013) . These results indicated benefits of plant extracts in alleviating the negative effects of pathogenic infection and maintenance of normal intestinal integrity and function. The 3 plant extracts tested showed different effects, indicating they may work through different mechanisms.
The mucosal layer of the intestine is in direct contact with luminal contents, and contributes to the immune defense against pathogens (Schenk and Mueller, 2008) . Therefore, investigating the alteration of ileal mucosa function is important to help understand the underlying mechanisms, by which the plant extracts protect against the consequences of the E. coli infection. The objective of this study was to characterize gene expression of ileal mucosa of pigs as affected by experimental infection with a pathogenic E. coli and by plant extracts using the porcine genome array followed by quantitative real-time PCR (qRT-PCR) validation.
MATERIALS AND METHODS
The protocol for this experiment was reviewed and approved by the Institutional Animal Care and Use Committee at the University of Illinois at Urbana-Champaign. The experiment was conducted in the disease containment chambers of the Edward R. Madigan Laboratory at the University of Illinois at Urbana-Champaign.
Animals, Housing, Experimental Design, and Diet
A total of 64 weaned piglets with the same number of gilts and barrows (G-Performer boars × Fertilium 25 sows; Genetiporc Inc., Alexandria, MN) averaging 6.3 kg initial BW were selected from 12 sows at the Swine Research Center of the University of Illinois at Urbana-Champaign. The sows and piglets used in this experiment did not receive vaccines against E. coli, antibiotic injections or antibiotics in creep feed. After weaning, all pigs were transferred to the disease containment chambers. They were blocked by weight within sex and randomly assigned to treatments with the restriction that litters were balanced across treatments to the extent possible. The pig was the experimental unit. Pigs were housed in individual pens for 9 d (4 d before and 5 d after the first E. coli challenge [d 0]).
There were 2 suites of 8 chambers, and each suite was used for either E. coli-challenged or unchallenged pigs. There were a total of 64 individual pens, 4 in each of 16 chambers, and each diet was represented in each chamber. The piglets had ad libitum access to feed and water.
The treatments were in a 2 × 4 factorial arrangement (with or without E. coli challenge and 4 different dietary treatments) with 8 replicates per treatment. In the E. coli challenge group, all pigs were inoculated orally with 3 mL F-18 E. coli/d for 3 consecutive days from d 0 post infection (PI). The E. coli strain was derived from a field disease outbreak by University of Illinois Veterinary Diagnostic Lab (isolate number U.IL-VDL # 05-27242). The isolate expressed heat-labile (LT), heatstable (STb) and Shiga-like (SLT-2) toxins. The inoculum provided at 10 10 cfu per 3 mL dose in PBS, a dose that previously caused mild diarrhea (Song et al., 2012) . In the unchallenged group, pigs were inoculated with 3 mL PBS per day as the sham control (Sham) for the 3 consecutive days. The 4 dietary treatments were the complex nursery basal diet (CON), and the addition of 10 ppm CAP, 10 ppm GAR, or 10 ppm TUR (Pancosma S. A., Geneva, Switzerland) to the CON, respectively. Capsicum and turmeric are extracted oleoresins, which were standardized to 6% capsaicin and dihydrocapsaicin, and 98% curcuminoides, respectively. Garlic botanical is an extract from garlic, standardized to 40% propyl thiosulfonates. The CON diet was formulated to meet or exceed the NRC (1998) estimates of nutrient requirements of weaned pigs (Table 1) . The same batches of ingredients were used for the preparation of all the diets. For mixing the 3 plant-extract diets, 1 of plant extracts was first premixed with 0.8 kg of soybean oil, and then this mixture was remixed with a small amount of corn (10 kg). Finally, the premix of plant extract, soybean oil, and corn was added to and mixed with the remaining ingredients. The same diets were fed throughout the experiment.
Sample Collection
After inoculation, all pigs in the E. coli challenged groups were verified to be successfully infected by F18 E. coli by analyzing β-hemolytic coliforms in feces (Song et al., 2012) . As shown previously (Song et al., 2012) and duplicated in the current study in which the clinical signs of pigs used in this experiment were reported (Liu et al., 2013) , d 5 PI is the peak of E. coli disease with the greatest diarrhea score and greatest proportion of β-hemolytic coliforms in the feces. Therefore, one-half of the pigs (4 pigs from each treatment, 2 males and 2 females) were euthanized on d 5 PI. Before being euthanized, pigs were anesthetized by intramuscular injection of a 1-mL combination of telazol, ketamine, and xylazine (2:1:1) per 23 kg BW. The final mixture contained 100 mg telazol, 50 mg ketamine, and 50 mg xylazine in 1 mL (Fort Dodge Animal Health, Fort Dodge, IA). After anesthesia, pigs were euthanized by intracardiac injection with 78 mg sodium pentobarbital (Sleepaway, Vortech Pharmaceuticals, Ltd., Dearborn, MI) per kilogram of BW. The 5-cm ileal samples (collected within 10 cm of the ileocecal junction) were cut longitudinally and washed with ice-cold PBS. The specific location for ileal sample collection were based on the presence of a continuous aggregate of lymphoid tissue as a bulky area of granular appearance, which is involved in the gastrointestinal mucosal immunity (Solano-Aguilar et al., 2000) . The mucosal layer of the entire ileal sample was carefully removed by scraping with a surgical scalpel and immediately stored in liquid N for further analysis.
Total RNA Extraction and Gene Expression by Microarrays
Total RNA (4 pigs/treatment) from ileal mucosa isolated at d 5 PI was extracted using a kit according to the manufacturer's instructions (PureLink RNA Mini Kit; Invitrogen, Carlsbad, CA). The RNA quality and quantity were assessed using an analyzer (Agilent 2100 Bioanalyzer; Agilent Technologies, Inc., Santa Clara, CA) and a spectrophotometer (ND-1000 Nanodrop; Thermo Scientific, Wilmington, DE), respectively. All samples used for further analysis had a ratio of optical density read at 260 and 280 nm from 1.9 to 2.1, a ratio of optical density read at 260 and 230 nm of >1.8, and an RNA integrity number of ≥7.7. Double-stranded cDNA was first synthesized and employed as a template for in vitro amplification and labeling (GeneChip Expression 3'-Amplification IVT Labelling Kit; Affymetrix Inc., Santa Clara, CA). Then, cDNA was used to synthesize cRNA, which was hydrolyzed to produce fragmented cRNA in the 35 to 200 nucleotide size range for proper hybridization. The fragmented cRNA was labeled and further hybridized to the porcine genome array (Affymetrix GeneChip Porcine Genome Array; Affymetrix Inc.). Each array consisted of 23,937 probe sets to interrogate 23,256 transcripts in the pig genome, which represents 20,201 genes. Thirty-two chips in total were used in this experiment.
Analysis of Microarray Data
All quality-control assessments, data processing, and statistical analyses were done in R using packages (Bioconductor Project; Gentleman et al., 2004) . Qualitycontrol assessment (MacDonald, 2005) showed that all arrays were of acceptable quality. The arrays were processed with the guanine cytosine robust multi-array analysis algorithm, which performs a guanine-cytosinebased background-correction, does a quantile normalization between arrays, and summarizes the multiple probes into a single probe set value using a median polish algorithm (Wu and Irizarry, 2005) . Testing for differential gene expression was done by fitting a mixed linear model equivalent to a 2 × 4 factorial ANOVA using the limma package (Che et al., 2011) , which uses an empirical Bayes correction that helps to improve detection power by borrowing information across genes (Smyth, 2004) . The statistical model included effects of E. coli challenge, diet, and their interaction as fixed effects. Block was a random effect. The appropriate pairwise comparisons were fit as contrasts from the model. The following 4 comparisons were of interest: infected control (ICON) vs.CON, infected CAP (ICAP) vs. ICON, infected GAR (IGAR) vs. ICON, and infected TUR (ITUR) vs. ICON. A total of 23,937 gene probe sets were included in the porcine array, but only 16,363 probe sets were detected in the ileal mucosa samples. The limma model was fit and P-values were calculated using all 16,363 probe sets on the array. The modulated genes were defined by 1.5-fold difference and a cutoff of P < 0.05 by parameter tests. 
Bioinformatics Analysis
A bioinformatics resources (DAVID Bioinformatics Resources 6.7; National Institute of Allergy and Infectious Diseases, NIH, Bethesda, MD; http://david. abcc.ncifcrf.gov) consists of an integrated biological knowledge base with analytic tools used to systematically extract biological meaning from large gene lists (Huang et al., 2009) . In brief, the analysis of selected genes in DAVID was as follows. First, all 16,363 probe sets in the porcine genome array (Affymetrix GeneChip Porcine Genome Array, Affymetrix Inc.) were submitted to DAVID and 5,168 of them were mapped with identified functions for 3,715 porcine genes. These 5,168 genes' Entrez [National Center for Biotechnology Information (NCBI), USHHS, Washington, DC] identifications were uploaded as background for the analysis. Second, the modulated genes with 1.5-fold difference and a cutoff of P < 0.05 in each comparison were uploaded as the tested gene list. Third, the parameters and subparameters of interest in this experiment were established. In the present analysis, the main parameters in DAVID included gene ontology and pathways. The subparameter under gene ontology was gene ontology for biological process, and the sub-parameter under pathways was Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Finally, the functional annotation chart, which provided typical gene-term enrichment analysis, was run. The expression analysis systematic explorer (EASE) score, a modified Fisher Exact P-value, was used to examine the significance of gene-term enrichment with a modified Fisher's exact test. The EASE score <0.05 was considered as significantly affected.
Quantitative Real-Time PCR
The same total RNA (4 pigs/treatment) from ileal mucosa used to run the microarray was also employed for qRT-PCR. First-strand cDNA was produced from 1 μg of total RNA per sample(SuperScript III First-Strand Synthesis SuperMix for qRT-PCR; Invitrogen) in a total volume of 20 μL. Total RNA was denatured at 65°C for 5 min and immediately annealed on ice for at least 1 min. Then, the reverse transcription reaction was performed at 50°C for 50 min, followed by heat inactivation at 85°C for 5 min.
To verify the results from the microarray, quantitative analysis of IL-1 β (IL1b), tumor necrosis factor α (TNFa), toll-like receptor 4 (TLR4), lipopolysaccharide binding protein (LBP), and myeloid differentiation primary response gene 88 (MyD88) were assayed by qRT-PCR. In addition, the expression levels of mucin 2 (MUC2), p65 nuclear factor kappa-light-chain-enhancer of activated B cells (p65 NFkB), p38 mitogen-activated protein kinases (p38 MAPK), cystic fibrosis transmembrane conductance regulator (CFTR), and cyclooxygenase 2 (COX2) in ileal mucosa were analyzed by qRT-PCR. Data normalization was accomplished using β-actin as a housekeeping gene, which has been validated as an effective internal control for studying gene expression in porcine ileal mucosa (data are not shown). Primers (Supplementary Table 1) were designed based on published sequences in pigs using the NCBI (USHHS) online primer design tool and published literature, and synthesized commercially (Applied Biosystems, Foster, CA). One hundred nanograms of total RNA were assayed for each sample in triplicate. Each PCR reaction consisted of 5μL of mixture (SYBR Green PCR Master Mix; Applied Biosystems, Foster, CA), 0.4 μL of 10 μM forward primer, 0.4 μL of 10 μM reverse primer, 0.2 μL of DNase/RNase free water, and 4 μL of diluted cDNA. The qRT-PCR analysis was done (ABI PRISM 7900 Sequence Detection System; Applied Biosystems, Foster, CA). Thermal cycling conditions were 50°C for 2 min and 95°C for 10 min, followed by 40 cycles with 15 sec at 95°C and 1 min at 60°C. The dissociation cycle was 95°C for 15 s plus 65°C for 15 s. Standard curves were generated using serial dilutions of pooled cDNA from all samples. The arbitrary values were calculated based on the standard curve and normalized using the housekeeping genes.
RESULTS

Gene Expression Profiles Induced by E. coli and Plant Extracts
The E. coli infection of pigs fed the CON diet altered (P < 0.05) the expression of 418 genes in ileal mucosa of pigs compared with the uninfected CON ( Table 2 ). The supplementation of the 3 plant extracts displayed different effects on the gene expression in ileal mucosa of E. coli-infected pigs. Compared with the infected CON, CAP-fed pigs had altered (P < 0.05) expression of 74 genes, GAR-fed pigs exhibited (P < 0.05) 203 changed genes, and TUR-fed pigs showed (P < 0.05) 183 altered genes. All these altered genes were mapped in DAVID Bioinformatics Resources.
Differential Immune Gene Expression in Ileal Mucosa of Pigs
The modulated immune gene expression indicated that E. coli infection induced gut immune responses of pigs fed the CON diet (Fig. 1) receptor; IL7R = interleukin 7 receptor; IL 10RB = interleukin 10 receptor, β; IRAK = interleukin-1 receptor-associated kinase; IRF = IFN-regulatory factor; LBP = lipopolysaccharide binding protein; LPS = lipopolysaccharide; LT = heat-labile toxin; MAPK = motigen activated kinase-like protein; MHC = major histocompatibility complex; MyD88 = myeloid differentiation factor 88; NOD = nucleotide-binding oligomerization domain; PI3K = phosphoinositide-3-kinase; PKA = cAMP dependent protein kinase; PSMB = proteasome subunit β; Rac1 = ras-related C3 botulinum toxin substrate 1; STAT = signal transducers and activators of transcription; TGFB1 = transforming growth factor, β 1; TLR = toll-like receptor; TNF = tumor necrosis factor; TRAF = TNF receptor-associated factor. Feeding plant extracts had several effects counter (P < 0.05) to those of E. coli. Capsicum oleoresin: C7, CCL5, CCR3, IFIT1, IFIT2, IFNGR1, IRF7, MHCII, and TNFA; Garlic botanical: C7, CASP3, CASP8, CCL3L1, CCL4, CFB, HSP90AA1, IFIT1, IFIT2, IL7, IRF7, LBP, TGFB1, and TNFA; Turmeric oleoresin: C5, C7, CASP3, CASP8, CCL5, CCL28, CCR9, CXCR4, CFB, HSP90AA1, HSP90B1, IFNAR1, IFNGR1, IFIT1, IFIT2, IL8, IL10, IL16, IL7R, IRF7, LBP, MHCII, TGFB1 , and TNFA. See online version for figure in color.
CASP1, CASP3, and CASP8), and endoplasmic reticulum stress (increased CREB3L4).
Feeding each of the plant extracts had effects on expression of several genes that were counter to the effects of E. coli. Feeding CAP counteracted (P < 0.05) effects of E. coli on C7, CCL5, CCR3, IFIT1, IFIT2, IFNGR1, IRF7, MHCII, and TNFA. Feeding GAR counteracted (P < 0.05) the disease effects on C7, CASP3, CASP8, CCL3L1, CCL4, CFB, HSP90AA1, IFIT1, IFIT2, IL7, IRF7, LBP, TGFB1 , and TNFA. Finally, feeding TUR reversed (P < 0.05) the effects of E. coli on expression of 24 genes, including C5, C7, CASP3, CASP8, CCL5, CCL28, CCR9, CXCR4, CFB, HSP90AA1, HSP90B1, IFNAR1, IFNGR1, IFIT1, IFIT2, IL8, IL10, IL16, IL7R, IRF7, LBP, MHCII, TGFB1 , and TNFA, compared with E. coli-infected control.
Biological Process Analysis
The altered genes were analyzed by the gene ontology biological process using DAVID and presented in Fig. 2 and Supplementary Tables 2 to 5. The E. coli infection up-regulated (EASE score < 0.05) the expression of genes related to the biological processes of immune response and glycosylation, but down-regulated (EASE score < 0.05) metabolism and intracellular signaling cascade biological processes ( Fig.  2A) . Compared with the infected CON, the supplementation of CAP up-regulated (EASE score < 0.05) gene expression integral to membranes and Na ion transport, but down-regulated (EASE score < 0.05) the expression of genes associated with 3 different biological processes: response to stimulus, immune response, and antigen processing and presentation (Fig. 2B) . Feeding GAR up-regulated (EASE score < 0.05) the expression of genes related to metal ion transport, chemokine binding, and integral to membrane biological processes, but downregulated (EASE score < 0.05) regulation of immune response in the ileal mucosa of E. coli-infected pigs (Fig. 2C) . In addition, the addition of TUR up-regulated (EASE score < 0.05) gene expression related to carbohydrate catabolic process, but down-regulated (EASE score < 0.05) the expression levels of genes associated with plasma membrane component and antigen processing and presentation (Fig. 2D) .
The Kegg Pathway Analysis
The altered genes were analyzed by the Kegg Pathway using DAVID and presented in Fig. 3 and Supplementary Tables 6 to 9. Compared with the sham CON, E. coli infection up-regulated (EASE score < 0.05) genes involved in the following pathways, complement and coagulation cascades, amino sugar and nucleotide sugar metabolism, and metabolism of xenobiotics by cytochrome p450, but down-regulated (EASE score < 0.05) the expression of genes involved in the pathway of spliceosome (Fig. 3A) . Compared with the infected CON, CAP up-regulated 
. Modulation of biological process of ileal mucosa of pigs by E. coli infection (A) and supplementation of capsicum oleoresin (GAP; B), garlic botanical (GAR; C), or turmeric oleoresin (TUR; D).
at Acquisitions Dept on August 15, 2014 www.journalofanimalscience.org Downloaded from (EASE score < 0.05) the expression of genes related to steroid hormone biosynthesis and metabolism of xenobiotics by the cytochrome p450 pathway, but down-regulated (EASE score < 0.05) the gene expression associated with the antigen processing and presentation pathway and peroxisome proliferator-activated receptor (PPAR) signaling pathway (Fig. 3B) . The supplementation of GAR up-regulated (EASE score < 0.05) gene expression related to 4 different pathways: cytokine-cytokine receptor interaction, chemokine signaling pathway, natural killer cell mediated pathway, and T cell receptor signaling pathway; but downregulated (EASE score < 0.05) gene expression related to the expression of genes involved in pyruvate metabolism (Fig. 3C) . Moreover, the supplementation of TUR downregulated (EASE score < 0.05) the expression of genes related to metabolism of xenobiotics by cytochrome p450, vial myocarditis, and focal adhesion pathways (Fig. 3D) .
Quantitative Real-Time PCR
Five genes, IL1b, LBP, MyD88, TLR4, and TNFa were tested by qRT-PCR to verify the expression of genes detected by microarray and as shown in Table 3 , the transcriptional changes in these genes as assessed by qRT-PCR showed similar patterns when compared with the original microarray data, although the magnitude of the responses of those genes varied from one method to another with the exception to the MyD88 responses.
Another 5 genes not included in the microarray, CFTR, COX2, MUC2, p38 MAPK, and p65 NFkB, were tested by qRT-PCR. The E. coli infection increased (P < 0.05) the expression of COX2 and p38 MAPK in the ileal mucosa of pigs, but feeding the plant extracts counteracted (P < 0.05) this effect. In addition, E. coli infection reduced (P < 0.05) the expression of p65 NFkB in the ileal mucosa of pigs. No effect of plant extracts on p65 NFkB was detected. Otherwise, feeding CAP increased (P < 0.05) the expression of CFTR and MUC2, whereas feeding TUR enhanced (P < 0.05) MUC2 gene expression in the ileal mucosa compared with the infected control.
DISCUSSION
General
The present results describe the impacts of infection with a pathogenic E. coli on gene expression in the ileal mucosa of the weaned pigs and indicate that feeding specific plant extracts to pigs challenged with E. coli changed the expression levels of genes related to the biological processes of membrane integrity and immune responses. Several of the changes in expression 
. Modulation of Kyoto Encyclopedia of Genes and Genomes Pathway in ileal mucosa of pigs by E. coli infection (A) and supplementation of capsicum oleoresin (GAP; B), garlic botanical (GAR; C), or turmeric oleoresin (TUR; D). PPAR = peroxisome proliferator-activated receptor.
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Host Gene Response to E. coli Infection
The mucosal surface in the intestine has dual functions. The surface allows exchange of nutrients and ions across the intestinal epithelium and supports an immune defense against potentially harmful luminal antigens and microbes (Schenk and Mueller, 2008) . Therefore, the delicate balance of intestinal immunity is important for animal health and growth. Pathogenic E. coli and other pathogenic bacterial infections can induce a defect of intestinal mucosal immunity and enhance inflammation in animals and humans (Savkovic et al., 2003; Sansonetti, 2006; Srinivasan and McSorley, 2006) . In the present study, the increased expression of immune genes, such as LBP, MyD88, C7, CCL28, CFB, TLR2, C5, B2M, IRF7, IL8 , and TNFA indicates that the F18 E. coli used here induced gut inflammation of weaned pigs (Fig. 1) . The increased expression of LBP and MyD88 indicates that LPS, the major component of the outer membrane of E. coli, may be involved in the activation of immune responses. These results are consistent with other studies that found activation of the innate immune system of pigs by LPS (Webel et al., 1997; Wright et al., 2000) . Several pathways, such as the NF-κB pathway (Savkovic et al., 1997) , MAPK pathway (Czerucka et al., 2001; Savkovic et al., 2001) , nucleotide-binding oligomerization domain-like receptor pathway (Chen et al., 2009) , and Janus kinase-Signal Transducer and Activator of Transcription pathway (Ceponis et al., 2003) , may be involved in the process of E. coli infection, but it was previously not clear which pathways were of primary importance. The qRT-PCR results showed E. coli infection up-regulated p38 MAPK but down-regulated p65 NFkB, indicating both of these 2 pathways may be involved in the E. coli infection. Such changes result in downstream upregulation of production of proinflammatory cytokines and secretion of chemokines, followed by the enhancement of the complement system (Parkin and Cohen, 2001) . In the present study, E. coli infection increased the expression level of some genes related to the Kegg Pathway of complement and coagulation cascades, indicating increased immune responses in the intestinal mucosa of infected pigs. Otherwise, the increased IL-8 expression in the ileal mucosa indicated that another potent pro-inflammatory mediator from the flagella of E. coli, flagellin, might be involved in the activation of intestinal immune responses. Zhou et al. (2003) and Im et al. (2009) have reported flagellin induced the production of IL-8 in the epithelial cells. Interleukin-8 can facilitate the recruitment of inflammatory associated immune cells, such as polymorphonuclear leucocytes (Savkovic et al., 1996; 2003; Zhou et al., 2003) . Cyclooxygenase-2 is the inducible form of the prostaglandin synthetase enzymes that catalyzes the committed step in the prostaglandin production pathway (Dubois et al., 1998) . The expression of COX-2 is increased by several different stimuli under inflammatory conditions, including proinflammatory cytokines such as TNFα (Akarasereenont et al., 1995; Abdalla et al., 2005) . The qRT-PCR revealed upregulation The total RNA samples (4 pigs/treatment) that were used to run the porcine microarray (Affymetrix Inc., Santa Clara, CA) were employed for qRT-PCR.
of COX-2 genes, which is directly related to the intensity of organ inflammation (Poljakovic et al., 2001; Jana et al., 2009) , providing further evidence of increased gut mucosa inflammation caused by E. coli. Therefore, the present results support the clinical responses of E. coliinfected pigs in our previous study, indicated by increased white blood cells and serum proinflammatory cytokines and acute phase proteins (Liu et al., 2013) . The present study indicated that E. coli infection reduced the expression levels of genes linked to several metabolic processes of pigs, including protein synthesis (Rps23, rps20, and rpl14), unwanted protein degradation (Uchl1 and UBC1), fatty acid metabolism (Cpt1b and PLCD4), carbohydrate metabolism (PGAM2 and GAPDH), DNA repair (RAP80), and intracellular transcription factors (NOR-1 and OCT2) . However, the infection increased the expression level of several genes related to amino sugar and nucleotide sugar metabolism. In addition, previous studies reported that the reduced growth caused by E. coli infection was related to suppressed protein synthesis and accumulation in the muscle tissues (Jepson et al., 1986; Tian and Baracos, 1989) . Similarly, our clinical data showed E. coli infection reduced growth rate and feed efficiency (Liu et al., 2013) , which may be related to the increased immune responses of pigs, decreased protein synthesis, or both.
Capsicum Oleoresin on E. coli Infection
Capsicum oleoresin, obtained from peppers, contains capsaicin as the major active component involved in maintenance of mucosal integrity and protection against gastric mucosal injury induced by noxious agents (Abdel Salam et al., 1997 , 2005 . In the present study, the supplementation of CAP up-regulated the expression level of genes related to the integrity of membranes, such as Ocln, SLC5A1, SLC5A4, SLC4A4, Slc5a2, Abcg2, LPAR2, SLC7A7, Slc15a1, and ITGB8 . Among these genes, Ocln encodes an integral membrane protein, occludin, that is required for formation and maintenance of tight junctions (McCarthy et al., 1996) . The ITGB8 encodes integrin β 8, a receptor, which plays an important role in mediating cell-cell and cell-matrix interaction and communication (Benoit et al., 2009 ). The genes SLC5A1, SLC5A4, SLC4A4, Slc5a2, Abcg2, LPAR2, SLC7A7, and Slc15a1 are related to the cell membrane transporters and channels, which facilitate the transport of glucose and different ions, and help to maintain ion homoeostasis in the small intestine (Sterling and Casey, 2002; Robey et al., 2009; Choi et al., 2010) . Diarrhea may occur when tight junctions of epithelial cells that cover the small intestine become disordered (Hecht, 1995; El Asmar et al., 2002; Sawada et al., 2003) . The microarray results indicate that feeding dietary CAP enhances the integrity of membranes, especially several proteins involved in the tight junctions, which may support the reduced diarrhea of pigs infected with E. coli compared with the control diet in our clinical data. Mucins play a central role in maintenance of the gut barrier function through interfacing with food, water, and luminal microoragnisms. Mucin 2 is the major core polypeptide of membrane-associated and secretory gelforming mucins in the intestine, and it plays an important role in defense against inflammation (Hollingsworth and Swanson, 2004; Nishida et al., 2009; Hansson, 2012) . Therefore, qRT-PCR results show that feeding CAP upregulated the expression of MUC2 and supported a beneficial effect of CAP on the gut barrier.
Capsicum oleoresin fed to pigs affected the gut mucosal immune responses by downregulating the expression of genes in the categories of responses to stimulus and antigen processing and presentation. These genes include DDX58, C7, Hsp27, IL1RN, IRG6, C2, mx1, TNFRSF1A, CD163 , and B2M. The downregulation of B2M and DDX58 genes and genes of the major histocompatibility complex, including both MHCI (SLA-1 and SLA-2) and MHCII (SLA-DRB1), may indicate moderation of the increase of antigen processing and presentation caused by E. coli infection. The primary function of MHCI is to continuously present intracellular antigen-derived peptides to cytotoxic T lymphocytes, ensuring a rapid immune response against infectious pathogens and initiating the adaptive immune response (Yang, 2003) . Similarly, MHCII presents processed peptides from exogenous antigen to helper T lymphocytes, driving both the humoral and cell-mediated immune responses (Radosevich and Ono, 2003) . The DDX58 encodes a pattern-recognition receptor, called retinoic-inducible gene-1 protein that has antiviral responses and regulation of immune response (Takeuchi and Akira, 2008) . Perhaps the reduced antigen presentation contributes to the attenuation of the expression of components in the complement system, such as C2 and C7 (Sarma and Ward, 2011) , as well as the reduced mRNA expression of other inflammatory mediators, including IRG6, TNFα and TNFRSF1A, IL1RN, mx1, and Hsp27. Among these genes, IRG6 encodes an interferoninduced antiviral protein, viperin, which is induced in lymphoid cells and dendritic cells during acute infection and is highly induced in neutrophils and macrophages (Hinson et al., 2010) . The TNFRSF1A expresses a major receptor for TNF-α, activates the transcription factor NF-κB, and regulates inflammation (Micheau and Tschopp, 2003) . The Hsp27 encodes an ATP-independent chaperone that can regulate cell apoptosis and enhance NF-κB activity (Parcellier et al., 2003) . Moreover, the qRT-PCR results showed that feeding CAP down-regulated COX-2 gene expression in the ileal mucosa. Consistent with our clinical data, these gene expression results support the observation that feeding CAP attenuated the increased total white blood cell numbers and serum inflammatory mediators, TNF-α and haptoglobin, caused by E. coli infection (Liu et al., 2013) . Thus, CAP may reduce the immune responses of pigs infected with E. coli.
Garlic Botanical on E. coli Infection
Garlic botanical is extracted from garlic, standardized to 40% propyl thiosulfonates. Feeding GAR to E. coli-infected pigs down-regulated the mRNA expression of several immune genes, such as C7, CASP3, CASP8, CFB, HSP90AA1, IFIT1, IFIT2, IL7, IL10RB, IRF7, LBP, MHCI, and TNFA, related to the regulation of immune responses. The reduced LBP indicated that GAR might decrease the impact of LPS, a cell-wall component of E. coli. The IRF7 is a transcription factor and potentially induced by TNF-α and LPS. It is involved in regulation of a variety of cellular functions, such as IFNmediated immune responses, cell growth, and apoptosis (Ning et al., 2011) . Therefore, at the transcriptional level, the IRF7 expression was consistent with the reduced LBP, indicating that the failure of LPS activation may block the transcriptional signaling pathway mediated by IRF7. The CASP3 and CASP8, encoding death proteases involved in cell apoptosis, were also in agreement with the possibly reduced LPS activation by GAR (Porter and Jänicke, 1999) . The reduced mRNA expression of CFB, IFIT1, IFIT2, and MHCI indicated feeding GAR may decrease antigen presentation (de Veer et al., 1998; Jensen, 2007; Pichlmair et al., 2011) .
On the other hand, the supplementation of GAR up-regulated other genes related to cytokine-cytokine receptor interaction, chemokine signaling pathway, natural killer cell mediated pathway, and T cell receptor signaling pathway. Among these pathways, several immune genes, including CXCR6, Ccr3, IFNG, Cxcl9, CCL4, CCL3L1, CCR9, CCR5, FYN, FCGR3B, CD8B, Cd3 g, Cd8a , and others were involved. The cxcl9, CCL4, CCL3L1, CXCR6, Ccr3, CCR9, and CCR5 encode several chemokines and chemokine receptors, which play an important role in host defense because of their abilities to trigger leukocyte mobilization to sites of injury . The CD8B, Cd3 g, cd8a and IFNG code the molecules involved in the cytotoxic T cell signaling pathway, which recognizes peptides bound to the MHCI and helps to remove these pathogenic peptides from the host (Frankenberger et al., 2005) . However, the CD8-positive T cells require various stimuli, such as cytokines, costimulatory molecules, and other immune cells, to become fully activated and to induce differentiation and proliferation (Ito and Seishima, 2010) , and these other stimuli were not increased by GAR. Therefore, the increase in molecules related to cytotoxic T cells does not indicate increased antigen presentation and immune responses.
In the present study, GAR increased the expression of some genes of the immune system and reduced expression of others. Overall, the reduction in the transcriptional signaling pathway and antigen presentation indicates the net effect of GAR was to attenuate the increased immune responses caused by E. coli infection. These results were also in agreement with the qRT-PCR result, indicated by the reduced COX-2 gene expression, and also by our clinical data, indicated by the reduced serum haptoglobin and total white blood cell numbers when GAR was fed to E. coli-infected pigs (Liu et al., 2013) . Further evidence for the modulation of immune responses in response to GAR comes from the study of Kim et al. (2013) showing that feeding GAR to Escherichia acevulina-infected chickens inhibited the expression of TLR3, TLR5, TNFRSFB, and other genes involved in the inflammatory response.
Turmeric Oleoresin on E. coli Infection
Turmeric oleoresin is specifically known for woundhealing and anti-inflammatory properties (Aggarwal et al., 2007; Krishnaswamy, 2008) . In the present study, feeding TUR reduced the mRNA expression of several immune genes in the ileal mucosa of E. coli-infected pigs. These genes were involved in LPS recognition and subsequently transcriptional signaling (LBP and MyD88), interferon effects (IFNAR1 and IFNGR1), antigen presentation (IFIT1, IFIT2, MHCI, and MHCII), cytokines and receptors (IL16, IL10RB, and TNFA), chemokines (CCL5, CCL28, CCR9, and IL8), complement cascades (C5, C7, and CFB), heat stress (HSP90AA1 and HSP90B1), and cell apoptosis (CASP3 and CASP8; Porter and Jänicke, 1999; Jensen, 2007; Ning et al., 2011) . Curcuminoids are the vital constituents of turmeric that were beneficial in treatment of various chronic inflammatory conditions such as cancer and arthritis (Shishodia et al., 2005; Aggarwal et al., 2007; Goel et al., 2008) . Ahmed and Gilani (2011) reported that a curcuminoid mixture effectively decreased caspase-3 (encoded by CASP3 gene) level in the hippocampus after 20 d of treatment. The current microarray results indicated that feeding TUR reduced the gut inflammation of E. coliinfected pigs, especially the impact of LPS released by E. coli. In addition, the qRT-PCR results showed that feeding TUR down-regulated the expression of COX-2, which suggests a reduction of gut inflammation by TUR.
Feeding TUR down-regulated the mRNA expression of plasma membrane components, including the genes involved in the tight junctions (CLDN3, cdh5, CLDN4, and Ocln). The CLDN3 and CLDN4 encode proteins claudin 3 and claudin 4, which are considered as major proteins in the structural backbone of tight junctions (Van Itallie et al., 2001; Elkouby-Naor and Ben-Yosef, 2010). The Ocln codes another transmembrane protein, occludin, associated with tight junctions. Occludin interacts with claudin and is involved in the regulation of intermembrane diffusion and paracellular diffusion of small molecules (Balda et al., 1996: Tsukita and Furuse, 1999) . The cdh5 encodes cadherin, a transmembrane protein that function as adherens junctions (Oda and Takeichi, 2011) . Previous studies reported that dysfunctional tight junctions may induce diarrhea of humans and animals during a pathogenic bacterial infection (Hecht, 1995; Sears and Kaper, 1996; Sawada et al., 2003) . However, the qRT-PCR measurement of the MUC-2 gene indicates that feeding TUR increases the secretion of mucins, which may enhance the gut barrier function and contribute to the reduced diarrhea of E. coli-infected pigs. Therefore, the information about the delicate relationships between tight junction proteins and diarrhea of pigs is still fragmentary, and more research may need to be conducted.
Conclusions
Overall, the analysis of gene expression patterns shows that dietary plant extracts affected the expression of genes in ileal mucosa of pigs at d 5 post infection with E. coli. The increased expression of genes related to membrane structure and function in the ileal mucosa of E. coli-infected pigs consuming CAP and GAR may enhance the gut mucosa health. Feeding CAP and TUR increased the MUC2 gene expression. These findings support earlier observations that feeding these plant extracts are associated with reduced diarrhea of pigs infected with E. coli (Liu et al., 2013) . Moreover, feeding the 3 plant extracts each reduced the mRNA expression of several immune genes involved in antigen presentation and other immune responses-related pathways, indicating that these plant extracts may attenuate the increased immune responses caused by E. coli infection. These results also support observations that feeding each of the 3 plant extracts reduce total white blood cell numbers and serum inflammatory mediators compared with the control diet (Liu et al., 2013) . In conclusion, the current findings provide new insights into the immunomodulatory and physiolo modulatory properties of plant extracts. Feeding plant extracts provide benefits by reducing the over stimulation of the immune system by E. coli and enhancing gut physiological defenses.
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